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The 449 MHz /-type doubling spectrum of HCN has been measured to high precision with a 
molecular beam maser spectrometer. Hyperfine structure due to both the nitrogen nucleus and the 
proton was resolved, and the coupling constant of the proton I ■ J interaction was found to be — 27.3 ± 1.6 
kHz. The spectrometer is also suited to precise measurements of Stark effects in molecules of the 
linear and symmetric top variety, and Stark shifts of up to 10 4 times the zero-field line width have been 
measured in the HCN spectrum. Analysis of these measurements yields the value fi — 2. 940 ±0.001 D 
for the dipole moment of the i?2 = l state of HCN. 
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1 . Introduction 

An electric resonance spectrometer is a microwave 
spectrometer tuned by the molecular Stark effect: A 
variable electric field, in an electrode structure called 
a Stark cell, is used to bring spectral lines into reso- 
nance, one at a time, with a fixed-frequency oscillator. 
It is essential that the electric field be uniform and 
exactly related to the applied voltage. When, as is 
customary, the Stark cell has the form of a parallel 
plate capacitor, the critical factors are the flatness, 
parallelism, and cleanliness of the two plates, and the 
thermal stability of their mounting. The best such 
Stark cells have been made from metallized optical 
flats, separated by ground quartz spacers and mounted 
in vacuum [l]. 1 

Given a uniform and stable Stark field, the chief 
remaining design problem of an electric resonance 
spectrometer is that of superposing a radio frequency 
or microwave alternating field on the d-c Stark field. 
Furthermore, if molecules enter the uniform field 
through a region of nonuniform field, as at the edges of 
a parallel plate capacitor, the alternating field must be 
excluded from such regions. This injecting and shaping 
of alternating fields has been done in two ways: For 
work at radio frequencies, lines can be scratched in 
the metal coating of the optical flats, making a pattern 
of radio frequency electrodes and guards which, when 
connected to a source oscillator, excite the radio 
frequency field and confine it to the correct region [2]. 
For work at high microwave frequencies the Stark 
electrodes can double as a parallel plate waveguide or 
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Fabry-Perot resonator [3, 4], microwave energy being 
fed in and confined by an array of coupling holes, or 
horns and lenses. 

These methods have their disadvantages. The radio 
frequency method requires a conventional molecular 
beam spectrometer, a complex apparatus, and is 
difficult to use at the high frequencies that correspond 
to large Stark shifts. Of the high frequency methods, 
the Fabry-Perot resonator works well in a simple 
microwave absorption spectrometer but suffers from 
the fact that the spacing of the plates determines their 
microwave properties as well as the strength and 
uniformity of the Stark field. The parallel plate wave- 
guide cell has not been tried, but probably would 
give sufficient resolution only in a molecular beam 
apparatus, since molecules would have to be kept 
out of the edge regions where the microwave beam 
enters and leaves the Stark cell. 

This paper describes a new type of electric resonance 
spectrometer, one in which the Stark cell is made into 
a half-wave parallel line resonator. While providing 
a convenient distribution of radio frequency field 
strength, this type of Stark cell is free of the high 
frequency limitation of the electrode-and-guard method 
and also free of the spacing sensitivity of the Fabry- 
Perot method. A novel (^-enhancing technique permits 
the spectrometer to be operated as a beam maser, 
an apparatus that offers the high resolution of a con- 
ventional molecular beam spectrometer with con- 
siderable reduction in its complexity. 

As a test molecule for the electric resonance maser, 
HCN was chosen. Microwave absorption measure- 
ments [5] had established the frequencies of its UHF 
spectrum with fair precision, and the Stark effect of 
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this spectrum was expected to be both large and easy to 
interpret. Since completing observations on the HCN 
spectrum, we have learned of similar work at Harvard 
University by Tomasevich and Klemperer [6], with a 
conventional molecular beam apparatus. Together with 
observations on the low radio-frequency Stark spectra 
of HCN and DCN, they report observations on the UHF 
spectrum of HCN which are essentially identical to 
those reported here, and of equal precision. 

2. Apparatus 

The mechanics of molecular beam masers are well 
known, and need be mentioned only briefly. Gas mole- 
cules effuse into a high vacuum vessel and a fraction of 
them, those entering in roughly the right direction and 
occupying certain energy states, are focused into a 
beam by an electrostatic state selector, a cylindrical 
bundle of rods wired to give a high potential difference 
between each adjacent pair of rods. The unfocused ma- 
jority of molecules is removed, either by vacuum 
pumps or, in the case of condensible gases like HCN, 
by the more economical means of a cold trap. The 
state selector — cold trap assembly of the present 
maser was constructed by H. Takuma, for original 
service in a low radio frequency beam maser [7]. 
Vacuum pumping for the entire system is done by a 
single 4-in oil diffusion pump. 

From the state selector, the beam passes into a high- 
Q resonator, which is driven at its resonance fre- 
quency by an rf oscillator. If this frequency is tuned 
to the energy separation of two molecular states, one 
of which is focused and the other not, then transitions 
induced in the beam molecules by the rf field will 
change the energy density within the resonator, and 
this change can be detected by a sensitive receiver 
coupled to the resonator. 'As in the conventional molec- 
ular beam spectrometer, the minimum width of the re- 
sonance line is determined by the time of flight of a 
typical beam molecule through the resonator, and is 
very small, a few kHz or less. 

2.1. Waveguide-Shielded Linear Resonators 

Because of their propensity to radiate, parallel trans- 
mission lines and other linear resonators ordinarily 
make poor, low Q resonators at UHF and higher fre- 
quencies, but this failing can be corrected through an 
elegant stratagem devised by Half or d [8]. The princi- 
ple is to prevent the resonator from radiating by de- 
priving it of electromagnetic field modes which can 
accept its radiation. Although this might seem difficult 
to do, it is not. One simply puts the resonator into a sec- 
tion of rectangular waveguide which is small enough 
to support only one mode of propagation, the so-called 
dominant mode, and then one orients the resonator so 
that its radiation field is orthogonal to the waveguide 
field. Actually, perfect orthogonality of the two fields is 
not possible nor is it desirable, since a residual cou- 
pling is useful for exciting the resonator and for moni- 
toring its behavior. Halford, working with helical 
resonators at X-band frequencies, used the waveguide 
simultaneously as a transmission line for this purpose. 



At lower frequencies, where long runs of waveguide 
are awkward, it is equally effective to short-circuit both 
ends of the waveguide and couple to its internal field 
with electric probes and coaxial cables. 

We have found that a variety of unlikely looking 
metal shapes become high-() resonators when placed 
inside the waveguide. A straight wire dipole, the sort 
of thing often used as an antenna because of its effi- 
ciency as a radiator, becomes a half-wave resonator 
with a Q of several thousand. Bent into a helical coil, 
the dipole retains most of its Q and works well as a 
miniature cavity for paramagnetic resonance experi- 
ments [9] . Other high-() resonators include half-wave 
lengths of wire or strip stock bent into semicircular 
form, and full wavelengths bent into circular form, 
and also the parallel line shapes that these curved 
resonators take when flattened. Tests conducted at 
UHF and S-band frequencies on these various shapes, 
made of copper and with dimensions scaled according 
to the wavelength, showed no strong dependence of the 
Q on frequency. The highest Q T s were measured for 
resonators made of thin strip stock, approximately 1/8 
wavelength wide, supported well away from the wave- 
guide walls by dielectric posts which were attached to 
the resonators at voltage node points. When oriented 
so as to couple very lightly to the waveguide field, 
these strip resonators had Q's of 6000 or more. Ex- 
cept for the parallel-line types, where line spacings 
less than about 1/30 wavelength were deleterious, the 
shape of the strip resonators had no effect on the Q. 

2.2. The Stark Cell Resonator 

Metallized glass flats are lossy at UHF frequencies, 
and it seemed unlikely that a resonator of reasonable Q 
could be made out of a traditional Stark cell, even 
though the geometry was roughly correct. Instead, 
the resonator was made from two rectangular slabs 
of solid aluminum, 2.5 X 10 X 20 cm, ground flat to 
±2X10~ 5 cm over their entire inner surfaces. The 
slabs were cross-cut from a 30 cm diam billet of type 
2024 aluminum, stress-relieved, and ground under 
the supervision of S. Gerner in the NBS optical shop. 
The aluminum flats are mounted with their 10 cm 
dimension vertical, separated by four quartz spacers 
ground to a length of 1.00000 ±0.00005 cm. Light 
spring pressure establishes the contact between 
flats and spacers. Folded quarter-wave lines, made 
of copper sheet interleaved with PTFE, are mounted 
near the ends of the flats and make spring-finger 
contact with them. By providing rf short circuits while 
maintaining d-c insulation, these folded lines make 
the assembly into a half-wave resonator and still per- 
mit d-c voltages to be applied to the flats. A half- 
wave resonator is used, in spite of its somewhat 
inconvenient length as compared to a quarter-wave 
resonator, because of its more favorable rf field 
distribution. The rf electric field intensity is zero at 
the two ends of a half-wave resonator and is weak for 
a considerable distance inward. Hence, beam molecules 
are unlikely to undergo rf transitions in the two end 
regions, where the fringing component of the d-c 
field is appreciable. Fringing fields from the edges 



792 



of the resonator, and local field perturbations due to 
the quartz spacers, are kept away from the molecular 
beam path by making the aluminum flats broad as 
compared to the gap width. 

Figure 1 shows how the resonator is positioned within 
its vacuum vessel, a 15 cm i.d. Pyrex tube, and its 
waveguide shield box. The support structure, a nylon 
and Pyrex cage, is omitted for clarity. Beam molecules, 
entering from the state selector on the left, travel 
lengthwise between the resonator plates, eventually 
collide with them, and are pumped away. To resonate 
at 475 MHz, a convenient frequency for the HCN 
electric resonance observations, the resonator must 
have a length of about 28 cm. The extra 8 cm is pro- 
vided by copper sheet extensions, soldered to the right- 
hand folded line and making spring-finger contact 
with the aluminum flats. 

The shield box shown in figure 1 is a length of WR 
1800 waveguide, short-circuited at each end, and split 
along the zero-current line for convenient installation. 
The dimensions of the box are such that all of its 
rectangular mode resonances lie above 600 MHz. The 
waveguide field is excited by an electric probe, the 
upper one shown in figure 1, and may be oriented with 
respect to the resonator field by rotating the entire 
shield box on its two support flanges. Sufficient coupling 
between the two fields ordinarily results when the box 
is positioned 10 to 20 deg from the horizontal. The 
lower probe shown in figure 1 is the signal detecting 
probe. With its perpendicular mounting it is insensitive 
to the waveguide field, but it is made long enough 
to pick up the resonator field with approximately 
critical coupling. 

Designed mainly to give d-c field uniformity, the 
Stark cell resonator violates several of the design 
rules mentioned above for high-Q linear resonators, 
especially those concerning plate thickness and sepa- 
ration, and the absence of lossy material nearby. The 
measured Q, with the shield box positioned for approxi- 
mately critical coupling, is 500, while under similar 
conditions the copper strip resonators have a Q of 
3000. Since the sensitivity of a maser spectrometer de- 
pends not linearly but rather on the square root of the 
Q [10], this is not too serious a loss. Indications are 
that the Q could be doubled, at no cost in d-c field uni- 
formity, by replacing the Pyrex vacuum vessel with 
one made of quartz or other low-loss glass. 




2.3. Spectrometer Circuits 

The HCN spectrum lies at the upper end of the half- 
meter amateur communication band, and can be de- 
tected with a standard communciations receiver 
preceded by a UHF converter. With minor retuning, a 
Parks half-meter converter [1 1 ] , 2 an inexpensive tran- 
sistor unit with a rated noise figure of 4 dB, was found 
to give adequate sensitivity. The converter input is con- 
nected directly to the lower probe of the waveguide 
shield (fig. 1) by a short coaxial line. A commercial 
phase-locked UHF signal generator, connected to the 
upper probe, supplies excitation at a stabilized fre- 
quency to the waveguide field. 

A state selector voltage of 15 kV, sufficient for satu- 
rated focusing behavior, is produced by two 7.5 kV 
rf-type power supplies of opposite polarity. A mercury- 
wetted relay driven by an audio oscillator turns these 
power supplies on and off at a 25 Hz rate by interrupting 
the cathode circuits of their rf oscillators, and thereby 
imparts a square wave modulation to the focused beam 
intensity. This modulation method permits the use of 
lock-in detection without, as in the alternative Stark 
modulation method, disturbing the positions of the 
spectral lines. 

The d-c Stark voltage, derived from a stack of radio 
B batteries, is connected through rf interference filters 
directly to the folded quarter-wave lines at one end of 
the resonator. The filters are necessary to keep out 
UHF emissions from nearby trucks and taxicabs, to 
which the maser receiver is very sensitive. By means of 
a calibrated volt box and precision potentiometer, the 
Stark voltage can be measured to an accuracy of ± 2 
parts in 10 5 . 

3. Zero-Field Spectrum of HCN 

The lowest excited vibration-rotation level of HCN, 
a bending level with vibrational quantum number 
v>> — 1 and angular momentum quantum number 
7 = 1, lies 712 cm -1 above the ground state. Its frac- 
tional population is about 7 X 10~ 4 which, while not 
large, is enough to yield a fairly intense radio spectrum. 
Centered at 449 MHz, this spectrum consists of the 
several hyperfine structure components of a single 
transition, the A,/ = transition between the two 
/-type doubling sublevels of the J=\ level. The fre- 
quency of this transition, considering its hyperfine 
structure to be condensed to zero, is the "/-type 
doubling frequency," vi, an accurate value of which is 
required for later analysis of the Stark effect. The 
following computation of hyperfine structure permits 
v\ to be determined within ± 1 part in 10 ft from meas- 
urements on the 449 MHz spectrum. 

3.1. Wavefunctions 

The Vz — \ bending vibration of HCN is very nearly 
a conical pendulum motion of the hydrogen nucleus 



Figure 1. Simplified view of the Stark cell resonator, glass vacuum 
vessel, and waveguide shield. 



2 This item of commercial apparatus is identified solely to specify the experimental 
method, and is not thereby endorsed by the U.S. Government. A list of manufacturers and 
model numbers of other equipment is available on request to the author. 
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about the C-N axis. The two possible directions of 
rotation are represented by the functions *//(/) and 
i|/(— /), where ih is the angular momentum of the 
rotary vibration projected along the symmetry axis 
of the molecule. When the molecule is at the same time 
rotating in its normal end-over-end way, the vibra- 
tional angular momentum vector becomes twisted 
slightly away from the symmetry axis, and this inter- 
action between vibration and rotation causes an 4 7- 
type" doubling of every energy level in the vibrational 
state. A quantum mechanical analysis [12] shows 
that for a state with V2 — 1 the energy separation of the 
two members of a doublet is q J(J + I), where J is 
the quantum number of resultant angular momentum, 
vibrational plus rotational. The factor q depends on 
various constants of the molecule and on the energy 
separations of the different vibrational states that are 
admixed by the vibration-rotation perturbation. To 
account for this admixture, the wavefunctions of the 
doublet rotational levels in the lowest bending state 
of HCN can be written as: 



nj=2-n<//,(/=i) -</,,(/=-!)], 



(la) 



nj-=[2+a 2 ]-" 2 [iM/=l)+«MZ = -l)]+aiM/=0) 

(lb) 

The bracketed sum-and-difference functions are 
the usual first order wave functions for degenerate 
levels. The selection rules for vibration-rotation 
perturbations permit only levels of the same parity, 
the same total angular momentum, and with /-values 
differing at most by 1 to be affected. Thus a II" level 
can be perturbed by certain levels of X~(/ = 0) and 
A~(/ = 2) vibrational states and a II + level can be 
perturbed by certain levels of S + and A + vibrational 
states [13J. Since HCN has no known 2~ states, and 
the A states are few and far removed in energy, the 
chief effect of the perturbation is felt by the II + level: 
it acquires a small / = character and is shifted in 
energy. This neglect of perturbations by A states is 
perfectly justified for the / = 1 level, the level of main 
interest here, because A states have no J=\ levels 
that can perturb it. 

As can be demonstrated by applying the operator 
J x to (lb), a molecule in one of the II + levels will have 
a component of vibrational angular momentum per- 
pendicular to the symmetry axis, of magnitude pro- 
portional to the admixture coefficient, a. This can 
have an effect on the hyperfine structure and Stark 
effect, and so it is necessary to know the size of a. 
Perturbation theory gives an immediate rough esti- 
mate: a— [qj (J + l)/o)2] 1/2 where o> 2 is the bending 
frequency, and for 7=1, this is a — 5 X 10 ;} . At the 
accuracy level of the present experiment, a better 
value of a, which could be computed from the /-type 
doubling theory, is not needed. 

3.2. Hyperfine Structure 

Except for complications caused by vibration, HCN 
is a standard case [14] of hyperfine structure due to two 



nuclei, only one of which has an electric quadrupole 
moment. The hyperfine structure Hamiltonian is 



ff=ffQ+ClIl-J+CJ 2 -J 



(2) 



where Hq is the electric quadrupole interaction of the 
nitrogen nucleus with the molecular charge distribu- 
tion, and the remaining two terms represent the 
magnetic coupling of the nitrogen and hydrogen nuclei 
with the molecular currents. The coupling constants 
depend on J and /, and are discussed in detail by 
Tomasevitch and Klemperer [6]. The magnetic dipole 
interaction between the two nuclei is negligible be- 
cause of their large separation. Because the nitrogen 
nuclear spin Ii is tightly coupled to the molecular 
angular momentum J, but the hydrogen nuclear spin 
I2 is not, the hyperfine structure is best calculated 
with the F\, F coupling scheme, i.e., considering 
Fi = Ii + J as well as F = Fi -f I 2 to be constants of the 
motion. For the present case, the quantum number 
F takes on the values | J^i ± V2 | , where Fi = 0,1,2. 
The corresponding hyperfine structure sublevels of 
the two /-type doubling levels are shown by figure 2, 
which also indicates the various hyperfine structure 
components of the 449 MHz transition. 

The effects of vibration on the hyperfine structure 
are large enough to be detectable only in the electric 
quadrupole interaction. They show up in the form of 
matrix elements of Hq which are off-diagonal in the 
quantum number /. Using the expanded form of the 
quadrupole operator given by Frosch and Foley [15] 
we find, by matrix multiplication, these matrix ele- 
ments to be: 

{I hJF x \H Q \l±l hJF l ) = eQq l {2l±l)UU + 1) 

-/(/±l)p (3) 

xfdJFJIJU + l), 

and for I / I = 1 , the only important case, 

(UtJFi\H Q \l±2IiJFi)=eQ< b f(hJF 1 )l2. (4) 

As is customary, Q represents the quadrupole moment 
of the nucleus and f(I\JF\) represents Casimir's 
function of the quantum numbers /1, J, and F\, as 
denned by Bardeen and Townes [16]. The small g's 
measure the distortion of the molecular electric field 
caused by vibration: q 2 measures a departure from 
azimuthal isotropy in the field gradient and q\ measures 
a divergence of the principle axes of the field distribu- 
tion from the principle axes of the nuclear framework. 
Departures from azimuthal isotropy are character- 
istic of asymmetric top molecules, for which they are 
commonly specified by a dimensionless parameter 77. 
The relationship between r\ and q 2 is r\ = q 2 \q, where 
q is the electric field gradient, at the quadrupolar 
nucleus, in the direction of the symmetry axis of the 
nuclear framework. Effects due to q\ are too small to be 
concerned with except in rare cases, one of which is 
the strong-field correction mentioned in section 6. 
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The matrix element of Hq diagonal in / is 

(/ Uh\\H Q \l I J F t ) 

= eQq[ii ! -JU+\)]f(hJF i )IJ{J+\). 



K 



(5) 



Combined with (3) and (4), this yields for the expecta- 
tion value of the electric quadrupole interaction, 
evaluated with the functions (la, lb), 



W q = eQq 



3-7(7+1) 



fVJFi 



(6) 



where the 



sign corresponds to the choice of func 



tions n+ or IT7. There is no dependence on <?i be- 
cause when I / I = 1 the two cross product terms in the 
expectation value have opposite signs, and they 
cancel. This energy formula is identical with that for a 
slightly asymmetric top molecule in its | K \ = 1 level. 
It could have been written down immediately by ex- 
ploiting the well-known similarity between bending 
linear molecules and asymmetric tops, and this was in 
fact done by White [17J in his analysis of the microwave 
/-type doubling spectra of HCN. The present approach, 
although more tedious, emphasizes that the sign 
choice in (6) refers not directly to the upper and lower 
energy levels of the /-type doublet, but rather refers to 
the symmetry of the two corresponding wavefunctions. 
If, as seems likely from the positions of perturbing 
levels, the Uj level is displaced downward in energy 
by the vibration-rotation interaction, then the upper 
sign in (6) must be used for the lower level, and vice 
versa. This assignment is opposite to that used by 
White, and has implications which are discussed below. 
The magnetic hyperfine structure energies, com- 
puted from the vector model of angular momentum, are 

r, / = 1 /2C 1 [f , ,(F 1 + i) -./(,/ + 1) -/(/+i)] 

+ C 2 [4F 1 (F 1 + l)]- 1 [F 1 (Ft + l)+y(J + l) 
-/i(/i + l)][F(F+l)-Fi(Fi + l) 

-/ 2 (/ 2 +l)L (?) 

and the complete hyperfine structure energy formula 
is the sum of (6) and (7). 

4. Zero-Field Observations and Results 

For measurements on the 449 MHz zero-field spec- 
trum, a movable shorting plunger was used to tune a 
resonator similar to that of figure 1 to the frequencies 
of the several hyperfine structure components. Except 
for the (F, = -► F\ = 1) transitions, which were 
undetectable, all of the allowed transitions indicated 
in figure 2 were observed. The averaged results of three 
measurements of each line center are given in table 1. 
The line intensities were approximately proportional 
to the theoretical transition probabilities, and the 
signal-to-noise ratios ranged from 2 for the weakest 
AF 7^ AFi line to 60 for the strongest AF = AFi = line. 
Line widths were 3 kHz and except for the AF=AFi = 
lines, which are superposed pairs, every line was com- 
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Fl<;URE 2. Hyperfine structure components of the 449 MHz \-type 
doubling transition in HCN. 

Dashed lines represent components undetectable in the beam maser. 



pletely resolved. The absence of the (F\ = — > F\ = 1) 
lines is understandable from the fact that the upper 
Fi = levels transform into rrij — levels in the strong 
electric field of the state selector. Lacking a Stark 
effect, molecules in these levels are not state-selected, 
and a maser spectrometer cannot detect them. In a 
similar way it is possible to account for the somewhat 
higher intensity of the (F\ = 1— >Fi = 2) lines relative 
to the (F\ = 2 — > F\ = 1 ) lines. The upper F\ — 1 levels 
transform wholly into mj = ±l levels, with strong 
Stark effects, in the state selector, while the upper 
F\ = 2 levels do not. 

In fitting the energy formulas of the preceding sec- 
tion to the frequencies of table 1, corrections were 
made for the slight nonconstancy of Fi due to the 
magnetic I 2 * J interaction, the necessary matrix 
elements being taken from Bardeen and Townes' 
paper [16]. The largest such correction was 0.3 kHz. To 
test for the presence of a magnetic dipole interaction 
between the nitrogen and hydrogen nuclei, two succes- 
sive analyses of the data were made, the first with 
dipole interaction terms [18] added to the energy for- 
mula and the second with them omitted. The first 
analysis yielded dipole interaction constants a fraction 
of a kilohertz in magnitude, which is comparable with 
the measurement uncertainties. The second analysis 
showed, however, that the assumption of no dipole 
interaction gave an equally good fit to the data, and 
that therefore this interaction can be ignored at the 
present level of precision. The quality of fit was deter- 
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mined by recomputing the frequencies of the 14 lines, 
using the constants determined in the analysis, and 
then evaluating the rms frequency error, weighted 
according to line intensity. This rms error was 0.3 kHz 
with the dipole interaction included, and 0.4 kHz 
without. The molecular constants determined in the 
two analyses differed slightly, but well within the exper- 
imental uncertainties, and the final results given here 
are the mean values. 



vi 

eQq 
I eQqif] 

c, 

c 2 



= 448943.1 ±0.4 kHz 
= -4809.2 ±1.1 kHz 
= 392.2 ±1.6 kHz 
= 12.2 ±0.2 kHz 
= -27.3±1.6kHz 



In each result, the quoted uncertainty is the variation 
of the constant which shifts one of the strong lines of 
the spectrum by 0.4 kHz, the rms fitting error. 

5. Discussion 

Except for the proton coupling constant, C 2 , all of 
these molecular constants have been measured pre- 
viously, with less precision, by absorption spectroscopy 
on HCN gas. Yarmus [5] observed a single broad line 
for the J = 1 level, corresponding to the eight AFi = 
transitions of table 1. His derived value of the /-type 
doubling frequency, 448947 ±10 kHz, agrees within 
4 kHz with the present value of v\. The doubling 
frequency may also be predicted from measurements 
on higher rotational levels: based on the recent work 
of Maki and Lide [19] this predicted value is 448943 ± 1 
kHz, in near-perfect agreement with the present value. 
Within their experimental uncertainties, the values of 

TABLE 1. Zero-field UHF spectrum of the v 2 = 1 J = l 
level of HCN 

The line frequencies are averages of three measurements and have 
an estimated uncertainty of 3 kHz divided by the relative intensity. 



f,-f; 


F ->F' 


KkHz) 


Observed 
rel. intensity 


l-»0 


1/2 -» 1/2 
3/2-* 1/2 


450821.1 
450801.7 


6 
10 


1^2 


3/2^5/2 
1/2 -> 3/2 

3/2 -» 3/2 


449608.2 
449593.8 
449573.6 


16 
8 

2 


2^2 


3/2 -* 5/2 
T5/2^5/2l 
|_3/2^3/2j 

5/2^3/2 


448996.3 
448962.7 

448928.9 


2 
32 

2 


1->1 


1/2 -> 3/2 
p/2^3/21 
ll/2-»l/2j 

3/2 -> 1/2 


448864.3 
448844.9 
448825.0 


2 
8 
2 


2-»l 


3/2^3/2 
3/2 -> 1/2 
5/2-^3/2 


448233.3 
448213.1 
448199.6 


1 

6 

10 


0^ 1 


1/2 -> 1/2 
1/2 -► 3/2 


Not state- 
selected. 





eQq and C\ derived by Yarmus and the magnitude of 
eQqr) derived by White [17] from absorption measure- 
ments on higher rotational levels also agree with the 
present more precise values. The sign of rj cannot be 
determined from either the maser spectrum or the gas 
absorption spectrum without further information about 
which of the two levels, n+ or n~ of eq (1), is the upper 
level of each doublet. If Hj is the upper level, as 
assumed by White, then the disposition of lines in the 
observed spectrum requires r\ to be negative; if n + 
is the lower level, as suggested in section 3.2, then r\ 
must be positive. This is not a trivial matter, since of 
the possible sources of electrical asymmetry in HCN 
some yield positive values of rj and some yield 
negative values [17J. Knowledge of the actual sign of 7} 
can be used to eliminate some of these possibilities. 
From unpublished information kindly given us by 
G. Tomasevitch, it appears that the Harvard and NBS 
measurements of the 449 MHz spectrum, made inde- 
pendently but by similar methods, disagree uniformly 
by about 1 kHz on each spectral line position, the 
Harvard measurements being higher. Consequently, 
the two values of the /-type doubling frequency differ 
by 1 kHz, as compared to 0.8 kHz allowed by the 
combined experimental uncertainties. The hyperfine 
structure constants, which are determined from line 
spacings within the spectrum and are hence free of the 
1 kHz discrepancy, are in excellent agreement. 

6. Electric Resonance Spectrum of HCN 

The Stark effect is large in HCN, due jointly to its 
dipole moment of nearly 3 D and the close spacing of 
its /-type doubling levels. A field strength of 100 V/cm 
shifts the 449 MHz spectrum upward in frequency to 
475 MHz, and this was chosen as the operating point 
for electric resonance measurements. The spectrum, 
shown in figure 3, consists of four lines: a central pair 
and two weaker lines displaced by about 3 V/cm to 
higher and lower field strength. The central lines have 
widths of 30 mV/cm and the outer lines appear to be 
as broad, although their reduced intensity makes 
measurements difficult. 

6.1. Stark Effect 

At a field strength of 100 V/cm the nuclear spins of 
both the hydrogen and the nitrogen nuclei are de- 
coupled from the molecular angular momenta, and the 
Stark shifts of energy levels are practically inde- 
pendent of hyperfine structure. For purposes of 
analysis, this means that the Stark effect can be 
computed first to the necessary precision, and then 
corrected for hyperfine structure by standard perturba- 
tion theory. 

Because rotational energy level separations are large 
in HCN, the Stark effect is given by the standard 
formula for an isolated pair of interacting levels, with 
original energies W? and W£ [20], 



W S tark= 1 /2(W° + W 2 °): 



:Y«[(w; 



-w°) 2 +4wy/ 



(8) 
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FIGURE 3. Electric resonance spectrum of HCN at a fixed frequency of 474.898 MHz. 

The d-c electric field is parallel to the rf electric field. 



where in this case W° — W? = qj (J + 1) , the /-type 
doubling interval, and Wis, the matrix element of the 
interaction, is the Stark matrix element (Ily | yi- E | 11|). 
From the vector model of angular momentum, /jl • E 
may be rewritten as 



^•E=(/fJ)(J-E)/7 2 =(M-J)m,£/7(y+l), 



(9) 



which is useful for computing matrix elements diag- 
onal in ,/. The quantity ( jui • J), a scalar, may be eval- 
uated in any coordinate system, but most easily in a 
coordinate system attached to the molecule, in which 
/» = /. Thus 



tl'J = H2l + V<xJx + V<yJi 



(10) 



In a linear molecule, such as HCN in its ground state, 
perpendicular components of the permanent dipole 
moment must vanish because of symmetry (fx. x = fM y =0). 
This is not necessarily true for the bending vibrational 
state, but any perpendicular component will certainly 
be very small, and will be neglected temporarily. The 
Stark matrix element, evaluated with the functions 
(la) and (lb), is then 



W 12 =(fl 7 | M -E 



n;) 



\l\mjiLEIJ(J+l)* (ID 



where /x has been written for jll 2 (1 + a 2 /2) " 1/2 , and 
represents the experimentally determined dipole 
moment. Since a has the approximate value 
2X10 -y(,/-fl), the ./-dependence of the dipole 
moment from this source is negligible for low J values. 

6.2. Strong Field Hyperfine Structure 

The Stark effect depends only on the absolute value 
of the quantum number m.j, and so it leaves a twofold 
degeneracy of the sublevels labeled by + m.j and — nij. 
Since the electric quadrupole interaction couples 
sublevels with the same value of mj-\-m u this means 
that a quadratic secular equation must be solved for 
the hyperfine structure of the sublevels mj, twi=±1,+1. 
The procedure is similar to that used by Bhattacharya 
and Gordy [21 1 for the ground vibrational state of HCN, 
but with the effects of vibrational angular momentum 
included. For the present case, with I = J = 1=1, the 
results are 



for m.j = 0: 

W hf8 = -eQq\l±r))(3m'f-2)l20, 

for I m.j I = 1 , m.j + m\ # 0: 



(12) 



W 



hfs 



-eQq{\±r\){3ml-2)l4to+C 1 m l mj+C i m i mj 



for | m.i |=1, m, t + m\ = 0: 

W Vg = eQq(l ± tj) /40 - C, [±] [ ( m-.C. ) 2 + 

(3eQq/20)H] 



v) 2 V h 



The sign choice ± again refers to the two /-type 
doublet levels, but [±] refers to the two | ///./ 1 = 1 
sublevels, formerly degenerate, that are now separated 
by the electric quardupole interaction. 

7. Corrections 

The perturbation calculation of energies can be 
carried to second order to evaluate certain small 
corrections and to show that others are negligible. 

a. Intermediate field effects.— The quadrupole inter- 
action couples the sublevels m,j = and | m.j | = 1, and 
causes energy shifts of order (W y ) 2 /W stark- These 
shifts are comparable with the line width, and were 
computed and applied to each line of the electric 
resonance spectrum. Similar effects in the magnetic 
hyperfine structure are negligible. 

b. Rotational Stark Effect. — The normal second- 
order Stark effect of linear molecules, of order QixE) 2 / 
W rot , also causes level shifts comparable with the line 
width, but it affects both components of the /-type 
doublet equally, or very nearly so. The/ effect on the 
electric resonance spectrum is negligible. 

c. Field-induced electric quadrupole interactions. — 
Strong fields mix the /-type doublet wavefunctions (1) 
and destroy the strict cancellation of certain quad- 
rupole matrix elements. One such field-induced inter- 
action is that involving M = 2 matrix elements across 
the /-type doublet, of order W^ W stark /(//^/)-. Another 
is that involving A/=l matrix elements within each 
component of the /-type doublet, of order W Q [W stark/ 
W vib ] 1/2 . At a field strength of 100 V/cm both cause 
level shifts of less than one tenth of the observed line 
width. This is negligible, but barely so. Reduced line 
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widths or stronger fields would require corrections to 
be made for these interactions. 

8. Results and Discussion 

The matter of line widths is of first importance in a 
precision electric resonance spectrometer, and the 
observed width of 30 mV/cm is disappointingly large. 
The expected width, based on the quadratic Stark 
effect, is AE= Av/2kE, where k is the Stark coeffi- 
cient and has the approximate value 2.5 kHz/(V/cm) 2 . 
For Av = 3 kHz, the measured frequency width at zero 
field, this predicts a width of 6 mV/cm, some five times 
smaller than the observed width, at a field strength of 
100 V/cm. Two possible sources of the excess width 
are nonuniformity of the Stark field (although the field 
was expected to be much better than this) and unre- 
solved structure in the lines. 

There is some evidence on the question of field 
uniformity, in the form of resonance spectra observed 
with a Stark cell of much poorer quality. This cell was 
made from steel plates 6 mm thick, surface-ground in 
an instrument shop and then electroplated with 
silver. The plates showed a warpage, when placed to- 
gether, of about 1/10 mm, and had to be clamped across 
their quartz spacers in order to get contact with all 
four spacers. Line widths observed with this Stark cell, 
at the same field strength, were also 30 mV/cm. This 
observation does not rule out all broadening due to 
field nonuniformity, for the overall geometry of the two 
cells was similar and the fringing fields at the beam 
entrance holes, for example, should be much the same. 
Tests were made with a mica beam stop to investigate 
the effects of fringing fields, but the beam stop reduced 
the signal intensity so much that the results were 
inconclusive. 

Unresolved structure could be present in the two 
central lines of the electric resonance spectrum, which 
are actually superposed line pairs because of the ± m.j 
degeneracy. The quadrupole interaction does not split 
these line pairs as it does the two outlying lines of the 
spectrum, but a small linear Stark effect, sensitive to 
the sign of m.j as well as its absolute value, would do so. 
Such a linear Stark effect would result from a com- 
ponent of the electric dipole moment perpendicular 
to the molecular axis. The necessary size of this dipole 
moment can be calculated with the Stark effect 
operator (10) and the wavefunctions (1), and turns out 
to be approximately 10 ~ 2 D for a line splitting of 
20 mV/cm. Gyroscopic distortion effects in a bending 
linear rotor might generate a perpendicular moment 
of this size, but it is somewhat doubtful. Experimental 
verification can be sought by comparing the widths of 
the central lines of the spectrum with the widths of the 
outlying lines. Since it is apparent from the spectrum 
of figure 3 that the outlying lines are not greatly nar- 
rower than the central lines, we conclude that unre- 
solved structure is not an important source of excess 
line width, and that a perpendicular component of the 
dipole moment, if any exists, is less than 10 3 D in 
size. 

The center lines of the electric resonance spectrum 
were measured repeatedly over a period of several 



days to check the stability of the maser spectrometer. 
The minute-to-minute voltage readings of the line 
centers, at constant frequency, did not differ by more 
than 2 or 3 parts in 10 5 , which is consistent with the 
line width of 3 parts in 10 4 and the signal-to-noise ratio 
of 8/1. The long-term stability was found, however, to 
be considerably worse. Measurements made a few 
days apart differed by as much as 4 parts in 10 4 , and 
on a weekly basis there was a comparable net drift 
toward higher voltages. We have not made a thorough 
study of these instabilities, and do not know their 
cause, although certain sources of trouble can be ruled 
out. Instabilities in the frequency and voltage measur- 
ing apparatus are in the part-per-million range or 
smaller, and so cannot contribute. Thermal effects, in 
our air-conditioned laboratory, should be no larger. 
The observed monotonic drift is suggestive of a gradual 
change in the chemical or mechanical properties of the 
Stark cell, such as a relaxation of strain in the alumi- 
num plates or their mounting, or the buildup of a 
dielectric film on the plate surfaces. Aluminized glass 
Stark cells have proved troublesome in other labora- 
tories, presumably due to oxidation since a gold flash 
coating removes the difficulty. Oil migration from the 
diffusion pump is a distinct possibility, and could be 
checked by replacing the present room-temperature 
chevron baffle with a cooled baffle. We note finally, 
that a non-uniform dielectric film buildup could 
account for both the long-term instabilities and 
the excess line widths. It is, in our opinion, the 
most likely source of imprecision in the present 
spectrometer. 

A value of the HCN electric dipole moment may be 
derived by fitting eqs (8), (11), and (12) to the electric 
resonance spectrum, including the corrections of 
section 7. The result is 

/£= 2.940 ±0.001 D. 

This is based on measurements made near the start 
of the stability tests, but the assigned uncertainty is 
large enough to include all later measurements as well. 
This figure agrees, within experimental errors, with 
Tomasevitch and Klemperer's [6] value 2.9416±0.0016 
D. 
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